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Part 1

1) Overview of the results on radiative corrections (RC) and RC
systematics for the PRad experiment ?

e The results from the recent studies

e The future plans for the planned PRad-Il experiment




» The PRad experiment was performed in 2016 at JLab, with both 1.1 and 2.2 GeV 1)
unpolarized electron beams on a windowless H, gas-flow target

» The experiment measured the elastic e+p scattering cross section and the proton
electric form factor Gg in the Q¢ range 210 (GeV/c)? — 0.06 (GeV/c)?

» The luminosity was monitored by simultaneously measuring the Mgller scattering
process (e+e scattering)

» The absolute e+p elastic scattering cross section was normalized to that of the Mgller
scattering in order to cancel out the luminosity
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Schematic layout of the PRad experimental apparatus in Hall B at Jefferson Lab
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» This figure is from the paper R :
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» For both e+p and e+e plots, we see three

inelasticity cuts, v, imposed as three

max?

colored curves, which are functions of Q?
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» So in the data analysis the simulated cross Q* GeV?
section, including RC, has been used Fig. 3. (Color online) ep (top) and Mgller (bottom) radiative

correction as a function of Q? for different values of inelasticity

cut and for Fream = 1.1 GeV (solid lines) and Fyeam = 2.2 GeV
. (dashed lines).
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» Feynman diagrams contributing to the S~

Born and RC cross sections in e+p elastic g () § >€
scattering: (a) The Born process, TN L

(c)-(e) Vacuum polarization and vertex correction,

(f)-(g) box contributions

(b) Vertex correction, (c) vacuum polarization, "
(d)-(e) Bremsstrahlung
> Feynman diagrams contributing to the (h)
Born (a)-(b) and RC cross sections for Mgller scattering:
I I

E (h)-(k) Bremsstrahlung _—




» For the e+p scattering the complete cross section is given by 1)

0 — 00 (1 | :(5VR T 5vac — 5inf)) eféiﬂf

+ OAMM + OF,

where g, is the Born cross section, o,,,,, - the anomalous magnetic moment and
or - the infrared divergence free contributions to the cross section.

o,z is the infrared divergent contribution, o, is the vacuum polarization contribution,

0, term is to account for multi-photon emission at Q° —0

» For the Mgller scattering the complete cross section is given by

o°° — (1 | (Jo log Umm{ -5y +58)) oo + 0s
T

F
JrCr‘i.rert T JB + OF,

where the infrared divergent contribution of bremsstrahlung
Is represented as a sum of three factorized corrections

Umax
{TIR—W(J[}]EIQ Y I(S‘lg—l—tfgjf)ﬂ'o



> Here are different Mgller cross section contributions
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§F in% s » Focus on the Mgller cross section )
contributions because they give the
dominant part of the RC systematic
uncertainty for the proton radius, r,
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» Here we have another figure from our Monte Carlo generator

» All the Mgller cross section contributions are summed up
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Mo

Item uncertainty
(fm)
Event selection 0.0070
Radiative 0.0069
correction \
Detector 0.0042 \
efficiency
Beam 0.0039
background
HyCal response 0.0029
Acceptance 0.0026
Beam energy 0.0022
Inelastic ep 0.0009
Total 0.0116

Systematic uncertainties
for PRad

Different uncertainty contributions to the proton
radius total uncertainty are given in terms of fm

The measured radius is

r,=(0.831%£ 0.007,, £ 0.012 ) fm

sta syst

W. Xiong et al., Nature 575, 147 (2019)

Our goal is to exactly calculate this contribution
for the PRad-Il experiment

For that purpose we should continue the
studies of one-loop (NLO) and two-loop (NNLO)
radiative corrections from the Mgller scattering



» Let’s now follow the method of the following paper shown bellow,
by which we estimated the Mgller RC from another perspective

“Estimating Two-Loop Radiative Effects in the MOLLER Experiment”
A. G. Aleksejevs, S. G. Barkanova, V. A. Zykunov and E. A. Kuraey,
Physics of Atomic Nuclei, 76, No7, 888 (2013)

» We follow Aleksejevs’es nomenclature and terminology, but focusing on the
electromagnetic component of the electroweak radiative corrections, which is
dominant over the weak component in the region of moderate and small energies

» Like the one, which is shown in this Born (tree) diagram in the t- and u-channels

(a) (b)

e ki k, e e

Y. 2




Or one can write the differential cross section of the Mgller scattering
approximately as the sum of the

(i) leading order (LO) Born term
(ii) next-to-leading order (NLO) one-loop term

(iii) next-to-next-leading order (NNLO) two-loop terms

o =do/d cos8 = (a*MyM{ [LO] + a 2Re(M;MJ)[NLO] +

+ a*(M{M;} + 2Re(M,M)[NNLO] )

The NNLO term is divided into two classes:

(a) Q-part induced by quadratic one-loop amplitudes (~ M; M;")

(b) T-part corresponding to the interference of the Born and
two-loop amplitudes (~ 2Re(M, M;))



» Here are one-loop t-channel diagrams for the Mgller scattering process 1)

» This one-loop amplitude M, consists of the
(i) boson self energy (BSE) diagram (a)

(ii) vertex (Ver) diagram (b, c)
(iii) box (B) diagram (d, e)

(a) (b) (€)

’Y?Z '}fﬁz Y&ZEW Y&ZEW

/ " \\ / ] \

» The respective u-channel diagrams are obtained by the
substitutions k, < p,




» Here are NLO (a) and NNLO (b, c) bremsstrahlung t-channel diagrams

» Those are needed to cancel the infrared divergences in the first order and
second order amplitudes, respectively

» Radiation from only one electron line is shown in the figures but in the calculations
all four electron lines are accounted for

(@) (D) ()
Y ! i ! Y

» Two-loop t-channel diagrams from the gauge-invariant set of vertices and
boson self-energies

» The circles represent the contributions of self-energies and vertex functions

(h) (¢) (d)
Y. Z s Z
Y, Z
V. Z %4




1
» First, the structure of the Born amplitude is given in what follows )

o A
Mo = Mo ¢ — Moy, Mo, = l;(IZ Dytﬂw) Mo, = l;(IK Dyu]u’y)

L = 1(k) v, (0" — a’ys)utk)  JHY = 1(py) Y (v — a’ys)u(py)
» The self-energy, vertex and box diagrams have more complicated but

kind of similar structures

» One can represent the one-loop amplitude as the sum of the infrared
and infrared-finite contributions

94
My =M} + M M =%6{1M0, M/ = Mpgp + M?_ + M.+ Mygq
l A tu _
0{ =4B X In|— B=ln( )—1—171
NG mes

» The amplitudes Mgep, M M

Ver’ Box’

M, ;4 all are calculated analytically




» In analogy to the one-loop amplitude, one can construct the two-loop 1)
amplitude as the sum of the infrared and infrared-finite contributions

® sim/ - L ran? - aN2
27T61M 8(7'[) (51) Mo

» Thereby, we should have M{ and 6{ as well as two more quantities shown
below (all for the PRad kinematics)

M, = M% + Mg where for example M%

3 2 f T3

2
F o of Y = (B 57 40 — L Re(Mf M) = (2 sF o°
Op = 2SM (M ) (n) 0 O op =3 Re(M2 MO) = (n) Or O
» Thus, by having 5f, (Sf, and 5f we will have the NLO and NNLO radiative

correction cross sections free from the infrared divergences

a
ONLO = T (Rl T 5{) o one-loop
a2 1 1
ONNLO — (g) (R16{ + ER% — ERZ -+ 0'5 + O-r]]j) O-O tWO'lOOpS

2 2

= —apxin (35 ) < (in(3) ~1) +1-T+ (in(Y)) k=g
Wcut m 3 t




1)

» The table below shows the effect on the r, based on this estimation for Mgller RC
» The different rows show the extracted r,using 1.1 + 2.2 GeV beam energy

» The RC factor depends on the photon energy cut so we tried five cases with some
reasonable values

» The first column shows the extracted r,in each case, the second column is the
difference between the default r, and r, from each case

» The r, values are well within the systematic uncertainty we assigned due to Mgller
RC based on PRad’s estimate, which is about 0.0065 fm.

rp (fm) | Ar, (fm)

Default 0.8306 0.0000
Weut = 20 MeV | 0.8259 0.0047
Weut = 25 MeV | 0.8270 0.0036
Weut = 30 MeV | 0.8278 0.0026
Weut = 40 MeV | 0.8288 0.0018
Weut = 90 MeV | 0.8295 0.0011
Weut = 60 MeV | 0.8299 0.0007
Weut = 70 MeV | 0.8302 0.0004




1)

» We wish to obtain a factor of two and half improvement of the total PRad
uncertainties for a new planned proton radius measurement in the PRad-II
experiment

» One of our priority goals is to calculate exactly the NNLO RC in unpolarized
elastic e+p and Mgller scatterings beyond ultrarelativistic limit

» An outstanding problem will be to calculate the corresponding one-loop and
two-loop Feynman diagrams systematically

» It is highly desirable to develop methods for numerical semi-analytic
evaluation of such diagram functions, like Feynman integrals

» A new method is under development where the calculated results, namely
amplitudes or cross sections, can be represented as power series that are
convergent on the chain of integration

» The current MC event generator that we used for PRad, can be modified
accordingly, along with upcoming new results

See the talk of Stanislav Srednyak tomorrow !




Part 2

2) Lowest order RC studies for SoLID SIDIS measurements

® Current theoretical developments

e A versatile Monte Carlo (MC) event generator including RC




SoLID@12-GeV JLab: QCD at the intensity frontier

SoLID provides unique capability combining high luminosity (103-3° /cm?/s) (more
than 1000 times of EIC) and large acceptance with full ¢ coverage to maximize the
science return of the 12-GeV CEBAF upgrade

20 cryomodules

Sem—_ s
p—3 ~ E ,/ cryomodules

Enhanced capabilities
in existing Halls //

SoLID with unique capability for rich physics programs

» Pushing the phase space In the search of new physics and of hadronic physics
» 3D momentum imaging of a relativistic strongly interacting confined system (nucleon spin)
» Superior sensitivity to the differential electro- and photo- production cross section of J/i

near threshold (proton mass)

SoLID physics complementary and synergistic with the EIC science (proton spin and
mass, two important EIC science questions) — high-luminosity SoLID unique for valence
guark tomography (separation of structure from collision) and precision J/3 production

near the threshold



Nucleon momentum tomography and confined motion 2)

» Sivers: an example of TMDs

» Confined quark motion inside nucleon

» Quantum correlations between nucleon spin
and quark motion

» QCD dynamics ] =240V

Polarized *He (" "'neutron”) @ SoLID

SoLID impact on tensor charge

dd L Transversity distribution (another TMD) and tensor charge
% Alexandrou et al (2019) SoLIDCSIDIS 1
# Radici, Bacchetta (2018 o q q
0.2 4 Pitschmann et al (2015) 5Tq o / [hl (CE) o hl (3;)] d[E
2T 0

{ JAM20 Global » Tensor charge: a fundamental QCD quantity

» Moment of the transversity distribution, valence
guark dominant

» Calculable in lattice QCD

» New physics combined with EDMs

JAMZ20: arxiv:2002.08384

10.2

10.6




>

>

>

>

>

The QED RC is one of the important sources of systematic uncertainties of SIDIS

processes that will be investigated in SoLID experiments

For example, the systematic
uncertainties on asymmetry
measurements for SIDIS are

summarized in this table

SIDIS Systematic (rel.)

Target polarization 3%
Nuclear effects (4 — 5)%
Random coincidence 0.2%
Radiative corrections (2 —3)%
Diffractive meson contam. 3%
Total (6 —7)%

Important results came out last year from the following paper:

l. V. Akushevich and A. llyichev, Phys. Rev. D, 100, 3, 033005 (2019)

It shows exact analytical expressions obtained for the lowest order RC to semi-

inclusive DIS scattering of polarized particles

The contribution of the exclusive radiative tail is also derived

The infrared divergence from real photon emission is extracted and cancelled by

using the Bardin-Shumeiko approach

2)



> We have a sixfold differential cross section of SIDIS with polarized particles

do /dxdydzdp2-dey,dd

> The tree level (Born) process is given by

e(klr g) + n(pr 77) — e(kZ) + h(ph) + x(px)

where &/n is the initial lepton/nucleon polarized vector, and some variables

are given by i
po L 4 PP
o . o 2qp k1p pq
k1=k2 —m;, P =M » Ph=Mp [ = (Q_ph)Q Qbh ¢

> The real photon emission in the semi-inclusive process is given by

where k is the real photon four-momentum

> The exclusive radiative tail process is given by

e(ky,¢) +n(p,n) — e(kz) + h(py) +ulpy) + v (k)
where u is the single unobservable hadron



» The Feynman diagrams contributing to the lowest
order SIDIS RC

a) The Born contribution to SIDIS

b)-e) SIDIS RC with unobservable real photon

emission from the lepton legs, with lepton

vertex correction and vacuum polarization;

b) c)

we have an observable hadron and continuum

of unobservable particles

f)-g) The exclusive radiative tail contribution to the

lowest order SIDIS RC with unobservable real

photon from the lepton legs;

we have an observable hadron and a single

unobservable hadron

f) g)




> The total contribution of the inelastic tail to the SIDIS cross section plus the

exclusive tail read as

o = %(51@ + 0l + Oy

vac vac

)O‘B -+ Jg 4+ AMM

2)

er s 852
F 297T5Mpg)\3\/ )\y

Tmin

Tmax 27T
K;

dT/dgbk
0
y >9*~ 3 ﬁf%’@Rggf
z':f jzf (1 T — U)Q4

» The Born contribution has the following form:

. doB 02552

o

HYY = CiFyuz.

Hé?) _ _CI(FS%?% n iFIE)iEI}Qﬁ'h)?

HYY = CL(Fg5*" + Fuur),

HYY = C1(Fyur — FG5°),

HE) = CLFggn =),

H) — Oy (Feinds _ pen(on—o:)
—’i(FEijf% _ FEEE(Z%_%)))?

Hiy) = Cy(Fyp %) + Fgig#
_i(FE‘;E(Z%—%) 4 FE%S{ﬁS))?

26’3—37{3‘

= dedydzdp2ddndd  SMQps

where H; are expressed via SIDIS
structure functions

S sin . 71COS
Hézg)) = C1(Fyp P W %):

S sin{ 3¢, — &, sin + e
Hl(zl) _ Cl(_FUT( Gn—Ps) FUT(C% Pe )

+£FLCC{E(%_%))?
Hi5) = Ci(~Fgp2 +iFpp),
Hll(fg) _ cl(FSiﬂ(Bﬁﬁ'h—fﬁs) _|_ Fﬁin(ﬁﬁh—ﬁﬁ’s)

UT UT.T
_ng;(fﬁh ‘Hﬁa))?

Hg(g% _ CI(FEE;(% +s) 4 F;i;f;éh_fﬁs)
_FS;(BQ%—%))? - 4MPE(Q2 4 QIMZ)

Qril



2)

> Some of the SIDIS structure functions can be expressed in terms of Fourier-
transformed TMD PDFs and FFs

sinf gy, — o de =111 2 - 2
P ) = =2, Yt [ Tolbrl? Illorl Pas) Mz fif@,2%67) Dz 1)

d ] o
FLi =IEZeﬁf {gh;“bT‘JﬂﬂbTHPhJ_”HIL[I:EEE‘%} D1 (=, b%)

, [ dlby - :
cos(dh — g ) . 1(1
Fip ) =2, Yt [ T lbrl hlorl 1Pusl) Mz iz, 2%68) Dz, )

sin( ¢ , de T ‘ ] ;
P =2, 3 [ T er? dxer [Pal) My (e 2203) (2,3

dbr
Fig o =z, Z f ‘ ‘\bTFJz (|br| | Pro )MMy22 by (2, 2%0%) H Y (2, b%)

Frntom) — ¢ Z / ‘bﬂ\bﬂﬂ Jo(|br| | Pro ) MMpyz? byt (z, 220%) Hi Y (2, b%)

sin(dgn —d ‘bT‘ ﬂ“frjﬂ“i’f?rL "J.E 2 1(1
Fop %) = Z ] br|* Ja(|br| | Ph.|) i (z,2°b7) Hy Y (z,b7)

D. Boer, L. Gamberg, B. U. Musch and A. Prokudin, JHEP, 10, 021 (2011)




> We work on making a MC event s} 2(GeVer 10\ _
generator and can use it first for )2 2<0) ., \
' ‘el o0
. : - | '
comparison of available data - I S——
16 10\ 123
e I .- | |
> Like using semi-inclusive T e N T B
measurement data of charged F S S— —
hadron multiplicities in muon i 10\ \ . \ 123
dZMh ) i I I I
GeV/ ) ™ eal s | M
SIDIS by COMPASS zarf, VO w0 | S R S
A Og- . N .- 1 1 1 L I-
. . 31 10 = | 1 —
> For this quantity we can use the ; \ \ \ \ 12 3
ratio between the differential L S S S S AT
semi-inclusive cross sectionand (1)85__——ﬂ Y S S E—
. . . . ' X ' ' ' 1 23
the differential inclusive cross \ \ \
section O e T
0 g - - Py (GeV/ey
1y ° ' = ' = —
> The hadron multiplicities are T | | | X
0.003 0.008 0.013 0.020 0.032  0.055 0.1 0.21 0.4

measured in the four-dimensional

space e . .
Multiplicities of positively and negatively

d*M"(x,0%,z, Piy) _ ( d'c" )/(deDIS> charged hadrons as a function of pﬁT in
dzdPiy dxdQ*dzd Py dxdQ°/  (x,Q2?) bins for 0.2 <z < 0.3




Part 3

3) Upcoming RC Monte Carlo studies in the e+d elastic scattering for the
planned DRad experiment




3)
> Our next goal is to make another MC event generator for elastic e+d scattering

including the lowest order RC effects

> It will be based upon the following paper:

l. V. Akushevich and N. M. Shumeiko,
J. Phys. G: Nuclear Particle Physics, 20, 513 (1994)

» The results are obtained for beyond and within ultrarelativistic approximaton

> We will consider the general polarized case, from which it is straightforward to
obtained the unpolarized case

> The old form factors used in the paper should be substituted by the most recent
ones, which are the charge, magnetic and quadrupole form factors of deuteron

> Here the same covariant formalism and similar variables have been used as in
the case of SIDIS RC paper that we already discussed




> As such, let us look at the tree level (Born) process and the cross section:

e(kl' 6) + n(p' 77) — e(kZ) + X(px)

d*c  4ma® S,
dx dy \/,TS Q4
SX — M2(?

Sx

{(QZ — 2m?) [F1 | Q6N (1 + kne)bl]

b
F, + Q—6N (bz + k€ (?2 + by + b4)ﬂ

_I_

_ 2 _
Py |(Q%én — qnk,€) (g, + g2) + (sz ? )qn g2

_ b
e |(Q% + 4m? + 12nk nk,) (?2 — b3>

3qn
Sy

(Xnk; + Snk;) (% — b4>-}

where & /1 is the initial lepton/nucleon polarized vector; Py and Qp define the
polarization and quadrupolarization degrees, respectively

All the parameters, constants and functions are given in the paper !




The photon emission is represented by the following process:
e(k1,$) +n(p,n) — elky) +y(k) + x(py)

The contribution to the inelastic radiative tail is given by

aBSx Tmax 81 ki1 Rmax Rj—z
Ojpp = T f dt Z‘Z HU(T) dR £2 Ii(R,T)
AE Tmin i=1j=1 0

where I; (R, T) are defined as some combinations of DIS structure functions

The infrared divergence occurs in the integral for R—0, in the term with j=1, and is

cancelled by adding a virtual photon contribution

a
— IR [ h B F
Oy +0ip = g (O-R T Opert T+ 5vac + 5vac)0- + OR

We are interested in the elastic radiative tail, which can be obtained from the
formula of 0y, by an appropriate substitution of structure functions by form

factors, and by doing some more math



> it will result in
Ki ] —2

frmaxdr ZS‘Z{ 0;; (T) (1 + T)tz FEL(R,,, T)

tmin i=1j=1

Ocl —

mmlr—x C/)

with the F; functions, expressed in terms of the charge monopole, G-(Q?), magnetic
dipole, G);(Q?), and charge quadrupole, G, (Q?), form factors:

1
Ff' = ¢ Ma Gy (41 +ng) +1nqQp);

2
Fe! G2+2 G2 + on2G?2 G2 4 ("dG +Gr—G )G -

Py Na Py 1 Na
F§' = == (1 +12)Gu (5 Go + Gc) Ffl_—GM( Gy = Ge —=-Go |

On On 4 Nd
R =7 Gh FE =20 ( G 1+nd(3GQ+GC+ndGM)GQ ,

On On
F7el — ?Ud(l T Ud)GM; Fgl = 6 77dGM(GM T ZGQ)-




> The results of this paper are obtained in compact form convenient for the
numerical analysis

> Based upon it, we will make a new generator

> And we can go forward and try to exactly calculate higher order RC effects in
addition to the lowest order, and include the resulting cross section into the
generator




Outlook

1) We will be working hard to calculate exactly the NNLO RC in
unpolarized elastic e+p and Mgller scatterings beyond ultrarelativistic

limit, for the new proton radius measurements in the planned
PRad-Il experiment ?

2) We are already working to make an event generator (using C++) based
on recent RC SIDIS studies

3) We also plan to make another event generator (using C++) for the

elastic e+d scattering, for the deuteron radius measurements in the
planned DRad experiment

Thank you !




